Abstract. The reduction of wind turbine blade loads is an important issue in the reduction of the costs of energy production. Reduction of the loads of a non-cyclic nature requires so-called smart rotor control, which involves the application of distributed actuators and sensors to provide fast and local changes in aerodynamic performance. This paper investigates the use of synthetic jets for smart rotor control. Synthetic jets are formed by ingesting low-momentum fluid from the boundary layer along the blade into a cavity and subsequently ejecting this fluid with a higher momentum. We focus on the observed flow phenomena and the ability to use these to obtain the desired changes of the aerodynamic properties of a blade section. To this end, numerical simulations and wind tunnel experiments of synthetic jet actuation on a non-rotating NACA0018 airfoil have been performed. The synthetic jets are long spanwise slits, located close to the trailing edge and directed perpendicularly to the surface of the airfoil. Due to limitations of the present experimental setup in terms of performance of the synthetic jets, the main focus is on the numerical flow simulations. The present results show that high-frequency synthetic jet actuation close to the trailing edge can induce changes in the effective angle of attack up to approximately 2.9
Introduction
A major goal for the wind energy industry is reduction of the costs of energy production. Important factors affecting these costs are the amount of materials required for the structure, the required maintenance and the reliability of the wind turbine during its life span. One of the contributions to these factors is the design of the wind turbine blades, which is strongly influenced by the fatigue loads they endure. The blades are constantly subjected to changing loads due to variable wind (gusts), turbulent inflow, wind shear, gravity, tower shadow, yaw and wake interaction. In order to reduce the costs of energy production, it is essential to reduce (the amplitude of) these loads [1] .
Individual Pitch Control, whereby the pitch angle of each individual blade can be adjusted, enables the reduction of blade loads, mainly those of a periodic nature. However, reduction of the loads of a non-cyclic nature (turbulence, wind gusts) requires so-called smart rotor control. Smart rotor control involves the application of distributed actuators and sensors coupled to one or more controllers, providing fast and local changes in aerodynamic performance of the blades.
Simulations for a 5 MW reference turbine show that smart rotor control, using three trailing edge flaps per blade covering 18% of the blade span, can reduce the fatigue damage equivalent load by 14% to 27%. For the same conditions, Individual Pitch Control only gives a reduction of 2-5% [2] . Other examples of smart rotor control that are presently investigated are for example: (continuous) camber control, micro tabs (small distributed deployable Gurney flaps), plasma actuators and synthetic jets. See Johnson et al. [3, 4] , and references cited therein, for an extensive overview of active load control techniques. The present paper deals with the possible application of synthetic jets for load control. A synthetic jet consists of a cavity below the surface of the blade, with a hole or slit that connects the cavity with the outside world, see figure 1. Due to the periodic motion of one of the cavity walls, low momentum fluid from the boundary layer along the blade is ingested into the cavity and subsequently ejected with a higher momentum [5] . Unlike continuous fluidic jets or pulsed jets, which could also be used for load control [6] , synthetic jets do not need an external source of working fluid. Additional systems and complex piping are therefore avoided.
We focus on the observed flow phenomena and the ability to use these to obtain the desired changes of the aerodynamic properties of a blade section. To this end, numerical simulations and wind tunnel experiments of synthetic jet actuation on a non-rotating NACA0018 airfoil have been performed. The results of a numerical parameter study will be the main topic of this paper. Due to limitations of the experimental setup, we will only briefly address the results of the experiments.
Physics of Synthetic Jet Actuation

Separation vs. Load Control
In the field of external aerodynamics, synthetic jet actuation has been investigated mainly as a means to prevent or delay the onset of boundary layer separation, see for example [7] for a numerical study of synthetic jet actuation close to the leading edge of an airfoil. In a recent experimental study by Maldonado et al. [8] , synthetic jet actuation was applied on the suction side of a wind turbine blade at a chordwise location of x/c = 0.25, i.e. also close to the leading edge. The jets originated from rectangular orifices, which were oriented such that they were aligned in pairs at an angle of 20 • to the flow. Such a configuration leads to the formation of counter-rotating streamwise vortices. These vortices cause transfer of high momentum fluid towards the wall. The effect of synthetic jet actuation in these cases is an increase of the stall angle of attack. For smaller angles of attack, the effects are minimal. For load control, it is required to change the aerodynamic characteristics over a wide range of angles of attack. In this area of research, synthetic jets have mainly been used to control a region with vorticity near the trailing edge, which has been created by other means, such as a wedge shaped obstacle [10] [11] [12] or a Gurney flap [13] . An other example is described by Lopez et al. [9] , who performed numerical simulations for a NACA4415 airfoil with a modified trailing edge in which synthetic jets actuators are integrated, see figure 2. These jets are directed tangentially to the upper and lower surface and manipulate the vortical flow regions formed close to the trailing edge. This modifies the flow close to the trailing edge such that the direction in which the flow leaves the trailing edge is manipulated. This directly affects the circulation of the airfoil and thereby the pressure distribution, leading to changes in the aerodynamic properties of the airfoil.
Actuation Time Scale
The characteristic time scale of the actuation is important for its effectiveness [14, 15] . For separation control, the actuation time scale can be of the order of the convective time scale, T conv = c/U ∞ , which couples to the instability of the separating shear layer and the wake. This results in a deflection of the separating shear layer towards the surface of the airfoil and is associated with an increase in the time-average lift. The corresponding dimensionless actuation frequency, f j c/U ∞ , which is referred to as F + , is in the order of 1.
The time scale of actuation can also be one order of magnitude smaller than the convective time scale, i.e. F + = O (10). This is associated with "trapped vorticity" that can locally increase the apparent camber of the airfoil such that a favorable pressure gradient is obtained, which can delay or prevent flow separation. Depending on the location of the synthetic jets, this mechanism can be used for separation control as well as load control. In the present study, we investigate the possibility of load control by synthetic jet actuation in a different manner than described in section 2.1. Here, the synthetic jets are also located near the trailing edge of the airfoil, but directed perpendicularly to the surface instead of tangentially. The trailing edge has not been modified and no additional obstacles have been added to it. The aim is to let the synthetic jets force flow separation in a time periodic manner, thereby changing the flow near the trailing edge such that the time-averaged circulation of the airfoil is increased or decreased, depending on the side on which the synthetic jets are located. In the present paper the case of two-dimensional flow is investigated, i.e. the synthetic jets are long slits with width w j , located at a certain chord-wise location x j /c, see figure 3 . For load control, increases in lift as well as decreases in lift are needed. Although both effects could be generated by synthetic jet actuation, we focus on lift increases here, i.e. positive angles of attack are investigated with synthetic jets located on the lower side of the NACA0018 airfoil.
Dimensionless Parameters
Assuming the effect of a synthetic jet can be characterized by its output at the exit of the slit, we define an average ejection velocityŪ j and an average ejection densityρ j , as follows
where u(s, t) and ρ(s, t) are the time-dependent velocity and density, respectively, with s the coordinate across the slit, i.e. s ∈ [0, w j ]. Furthermore, n j is the normal vector into the external flow domain, w j is the width of the slit and T j = 1/f j is the period of actuation, with f j the actuation frequency. We assume the ejection part corresponds to the first half of the actuation cycle. From a dimensional analysis for a general configuration, it follows that the aerodynamic properties of the airfoil, expressed for example by the lift coefficient c l and the drag coefficient c d , are a function of main flow parameters, geometric parameters and actuation parameters. They are: -main flow parameters: the angle of attack α, the Reynolds number Re c = ρ∞U∞c µ∞ , and the Mach number M ∞ = U∞ a∞ , -geometric parameters: the chordwise location of the center of the slit x j /c, the relative slit width w j /c, and the angle of the jet with respect to the airfoil surface θ j , -actuation parameters: the dimensionless actuation frequency
and the relative densityρ j ρ∞ . Since it was not feasible to do a full parameter study, some parameters have been fixed. The direction of the jet has been fixed as being perpendicular to the local surface of the airfoil, i.e. θ j = 90 • . Furthermore, the relative width of the jet has been fixed at w j /c = 1/165: a chord length of c = 165 mm together with a slit width of w j = 1 mm has been used in the experiments, and therefore in the numerical simulations as well. The flow will be nearly incompressible for all experiments and numerical simulations, i.e.
The maximum Reynolds number used in the experiments and numerical simulations is 5.5×10 5 , which is much lower than typical Reynolds numbers for wind turbine blades. To avoid flow features observed in low-Reynolds number flow, e.g. laminar separation bubbles, the airfoil in the experiments has turbulator strips placed close to the leading edge. In the numerical simulations, the turbulence model is used in a fully turbulent mode such that transition also occurs close to the leading edge.
Experimental Setup
A sketch of the cross section of the experimental model is shown in figure 4 . It is a single piece extruded aluminum with a chord length of c = 165 mm and a span of b = 90 cm, equal to the width of test section of the wind tunnel. Based on a study by Bootsma [16] , at x j /c = 0.06 on both sides of the model, Streifeneder zig-zag tape is located with a thickness of 0.4 mm, width of 6 mm and a 70 • zig-zag angle. The model has three separate internal cavities, of which the aft cavity is used as a plenum chamber for synthetic jet actuation. Four rectangular slits with a width of w j = 1 mm and a length of 200 mm are located on the lower side of the airfoil at x j /c = 0.88, see figures 4 and 5. The spanwise distance between successive slits is 10 mm. Two externally mounted, high-quality loudspeakers (JBL 2206H/J) provide the fluctuating pressure inside the plenum, producing a synthetic jet through the slits. The loudspeakers are rated at nominally 600 W peak power.
The model is equipped with 29 pressure taps, which are round holes with a diameter of 0.5 mm, distributed over its upper and lower surface. Each pressure tap is connected to one of two pressure scanners from Esterline (9816-6496 and 9816-6498) using silicon tubes. The velocity distributions in the synthetic jets are measured by hot wire anemometry (HWA), using a Dantec hot wire probe (55P11) with a length of 1.2 mm and a diameter of 5 µm. The sampling rate is set at 25 kHz and low-pass filtering is applied at 10 kHz. The model is located in a test section of the closed-loop Silent Wind Tunnel at the University of Twente. The test section has a width of 0.9 m, a height of 0.7 m, and a length of 2.25 m. The maximum velocity in the test section is U ∞ = 70 m/s and the free-stream turbulence level at the entrance of the test section is 0.4% up to U ∞ = 50 m/s [17] .
Numerical Method
In the present study, an in-house computational method is used, which solves the ReynoldsAveraged Navier-Stokes equations for time-dependent compressble flow (URANS) in two or three dimensions. The discretization is a cell-centered finite-volume discretization on unstructured grids, which is second order accurate in time and space. The viscous fluxes employ a central scheme, whereas the convective fluxes employ Roe's flux-difference splitting scheme [18] , combined with a linear reconstruction of the variables at the faces of the control volumes [19] . For the present flow simulations, a gradient limiter has not been used. The semi-discretized equations are integrated in time in an implicit manner, using dual-time stepping with Block Symmetric Gauss-Seidel iteration, accelerated by an algebraic multigrid method.
The URANS equations are closed by a linear eddy-viscosity turbulence model. In the present flow simulations, the two-equation Shear Stress Transport (SST) turbulence model [20, 21] has been used, which is solved up to the wall of the airfoil (without wall functions), in a loosely coupled manner to the URANS equations. The equations of the turbulence model are discretized also employing a second-order accurate scheme, except for the convective fluxes, for which a first-order accurate upwind scheme is employed. As recommended by Spalart & Rumsey [22] , the SST turbulence model operates in a fully turbulent mode, by specifying the recommended ambient values of the turbulence variables at the inlet of the computational domain and adding a source term to the turbulence equations that prevents eddy-viscosity levels to decay between the inflow boundary and the airfoil. The resulting free-stream eddy-viscosity ratio is µ t /µ = 2 · 10 −7 Re c . The computational domain used in the numerical simulations is a purely twodimensional version of the experimental setup, see figure 6 . The entrance and exit of the 'numerical test section' are located 20 chord lengths in the upstream and downstream direction, respectively. Based on the observations of Rumsey [23] , the actual slit and a part of the cavity below the slit are included in the computational domain. See figure 7 for more details.
A hybrid mesh has been constructed using the open source grid generator Gmsh [24] . The original NACA0018 airfoil has been extended to zero thickness at x/c = 1.00893. Subsequently, the aifoil has been scaled such that the trailing edge is located at x/c = 1 again. To resolve the boundary layer and the synthetic jet accurately, a layer of thickness c/4 with quadrilaterals has been constructed along the airfoil contour and its wake line, which extends one chord length in the downstream direction. Based on a grid refinement study for baseline cases without actuation, this layer with quadrilaterals has 138 points in the normal direction with a stretching ratio of 1.05. This arrangement yields a maximum value for the dimensionless wall distance of the first layer of cells at the wall of y + ≈ 1, for Re c = 5.5 × 10 5 and α = 9 • . Along the upper side of the airfoil there are 171 points, clustered around the leading and trailing edge. The lower side of the airfoil has 304 points, including 51 points across the width of the jet. Here, the points are clustered around the leading and trailing edge of the airfoil, as well as the orifice of the jet. In the wake of the airfoil, a relatively fine mesh is constructed, with 801 points along the wake line. The bottom of the actuator cavity is discretized using 151 points, the two side walls are described by 51 points, the top of the cavity has 51 points on either side of the slit, whereas the two walls of the slit have 171 points. The rest of the domain is filled with triangular elements. The total number of elements is approximately 338000.
At the bottom of the actuator cavity, a time-dependent inflow/outflow boundary condition is applied, with a uniform velocity profile in space and a sinusoidal profile in time. With this technique, the jet has time and space to develop, while time-consuming boundary movement and re-meshing is avoided. The airfoil surface, as well as the rest of the internal boundaries of the synthetic jet, use adiabatic no-slip boundary conditions. At the upper and lower walls of the wind tunnel, a slip boundary condition is applied, which avoids having to resolve the boundary layers along these walls. Furthermore, a constant free-stream density and velocity is prescribed at the entrance of the domain, and a free-stream static pressure is prescribed at the exit of the domain.
Results
Performance of the Synthetic Jets in the Experiments
Velocity measurements of the synthetic jets show reasonable performance in terms of maximum velocity and uniformity in spanwise direction up to a frequency of approximately 120 Hz. The velocity increases (almost linearly) with the applied voltage on the loudspeakers. The highest peak velocity of 60 m/s is observed at a frequency of 15 Hz, the lowest frequency used in the experiments. The performance of the present system to generate the synthetic jets degrades for higher frequencies: the highest peak velocity at 120 Hz is 40 m/s. This means that the experimental setup can only cover very low dimensionless frequencies: for a free-stream velocity of U ∞ = 50 m/s, the maximum attainable value is F + ≈ 0.4. For a real-scale wind turbine blade section, with a chord length at least one order of magnitude larger than that of the present wind-tunnel model, the actuation frequency becomes in the order of 10 Hz. Even for a very low free-stream velocity of U ∞ = 16 m/s, the maximum dimensionless frequency is still F + ≈ 1.24. Since this is not in a feasible range of actuation frequencies to be used for load control, which will become clear in the following sections, we will focus on the numerical results from this point on.
Performance of the Synthetic Jets in the Numerical Simulations
The performance of the synthetic jet in terms of the momentum coefficient c µ is a function of the applied boundary condition at the bottom of the cavity. The parameters of the boundary condition are the velocity amplitude, U bnd , and the actuation frequency, f j . Figure 8 shows the performance for values of F + between 1 and 30 as a function of (U bnd w bnd ) / (U ∞ w j ). The free-stream parameters are α = 0, Re c = 5.50 · 10 5 , M ∞ = 0.146, and the geometric parameters of the jet are x j /c = 0.88, w j /c = 0.00606. It can be seen that higher frequencies yield a higher performance. Furthermore, the relation between the velocity amplitude at the bottom of the cavity and the momentum coefficient is close to quadratic. Although not shown here, for the synthetic jet positioned at x j /c = 0.95 the results are very close to the results for x j /c = 0.88. Figure 9(b) shows the response during one cycle in the periodic state (U ∞ t/c > 12). For this case, the average increase of the lift coefficient in the periodic state is ∆c l = 0.092, which corresponds to an effective change of the angle of attack of approximately 1 degree. The required actuator power is 175 W per meter span. It is evident that there is a large amplitude of the lift coefficient with respect to its average increase. The difference between the maximum and minimum value per cycle, i.e. c l,max − c l,min , is 0.32. However, since the actuation frequency is very high, it is virtually 'invisible' to the structure: the natural frequencies of wind turbine blades are much lower. When the pressure distribution on the airfoil is averaged during a cycle, the resulting distribution is quite smooth, as can be seen in figure 14 The nondimensional time needed to reach the periodic state is approximately 12U ∞ t/c. Approximately 50% of the total increase in lift is obtained within 2U ∞ t/c, which is important since it indicates the potential for rapid load control. Note that the response in lift starts off with a small decrease before it starts to rise. This is due to a low-pressure region that builds up downstream of the jet. As soon as this low-pressure region has reached the trailing edge, the pressure distribution on the upper side of the airfoil reacts and the lift starts to increase. Figure 10 shows instantaneous streamlines and iso-contours of the dimensionless vorticity, ω z c/U ∞ , in the region near the trailing edge at different phases during the actuation cycle. Vortices can be seen to emerge from the slit. Those with a negative sign are rapidly dissipated, whereas a train of vortices with a positive sign (counter-clockwise) remains visible for a certain distance. This train of vortices becomes an obstruction for the main flow along the lower side of the airfoil. This effectively changes the Kutta condition at the trailing edge, i.e. on the average the circulation of the airfoil increases. The range of c µ that has been currently investigated corresponds toŪ j /U ∞ ∈ [0.65, 1.31]. SinceŪ j is an average jet velocity over the jet width and ejection part of the actuation cycle, the relative peak velocity at maximum ejection is much higher. Figure 11 shows the velocity profile across the exit of the slit at different phases during the actuation cycle, for x j /c = 0.88, F + = 20 and c µ = 0.0061. This momentum coefficient corresponds toŪ j /U ∞ = 1.0, and has been obtained using (U bnd w bnd ) / (U ∞ w j ) = 1.2. Note that the peak velocities are in the order of 2U ∞ to 2.5U ∞ for this case. It is expected that still higher values of c µ are not realistic. Figure 12 shows the increase in time-averaged lift coefficient, ∆c l , as a function of the momentum coefficient, c µ , for different dimensionless actuation frequencies, F + , and the jet located at x j /c = 0.88. ∆c l has been determined over a number of actuation cycles when the results have become periodic. The result for F + = 1 has been calculated using 400 time steps per cycle, whereas all other results have been calculated with 80 time steps per cycle. In general, for a fixed F + , the time-averaged lift increases with increasing c µ . Note that there is no increase in the time-averaged lift coefficient for F + = 1, but a small decrease. Of all computed cases, the largest increase of the time-averaged lift for a jet location of x j /c = 0.88 is obtained for F + = 10 and equals ∆c l = 0.192. This corresponds to an effective change of the angle of attack of approximately 2 degrees. However, for higher values of c µ , the lift increment might further increase.
Locating the jet closer to the trailing edge of the airfoil also increases the lift increment, see figure 13 . The largest increase of the computed cases for x j /c = 0.95 is ∆c l = 0.224, which corresponds to a change of the angle of attack of approximately 2.5 degrees. Figure 14 shows that the entire time-averaged pressure distribution is positively affected by shifting the synthetic jet towards the trailing edge. This shift has the additional benefit of reducing the response time: the nondimensional time needed to obtain 50% of the final increase in lift for x j /c = 0.95 is approximately U ∞ t/c, a reduction of 50% with respect to the case for x j /c = 0.88. The increase in time-averaged lift comes with a drag penalty, as shown in figure 15 . It is interesting to note that the drag penalty decreases when the jet location is closer to the trailing edge. 
Results for α = 9 degrees
For an angle of attack of α = 9 degrees, the lift over drag ratio is close to its maximum value. This corresponds to the normal operating condition of a wind turbine blade. At this angle of attack, the flow on the suction side of the airfoil has separated near the trailing edge. For this situation we have also performed numerical simulations of synthetic jet actuation, and the results can be summarized briefly as follows:
-In general, the performance in terms of an increase of the time-averaged lift coefficient is lower for the higher angle of attack and the same values of F + and c µ . This is due to a smaller thickness of the boundary layer along the airfoil just upstream of the synthetic jet at the higher angle of attack, which is associated with a higher momentum in the cross-flow close to the wall. This reduces the ability of the synthetic jet to form an obstruction to the main flow. -For reasonable values of the momentum coefficient, c µ , the dimensionless actuation frequency needs to be at least F + = 20 to obtain any positive change of the lift coefficient. -The maximum obtained increase of the time-averaged lift coefficient in this study for α = 9 • equals ∆c l = 0.317 (∆α ≈ 2.9 • ), which is obtained for F + = 20, c µ ≈ 0.01 and x j /c = 0.985, i.e. a location of the slit very close to the trailing edge.
Concluding Remarks
Computational results show that the present configuration of synthetic jet actuation could be used for load control. For high actuation frequencies, F + = O (10), a train of separate vortices emerge from the slit, which can effectively become an obstacle to the flow along the airfoil. A low-pressure region can be formed between the slit and the trailing edge, which attracts the flow from the upper side of the airfoil. This deflects the flow at the trailing edge downwards and therewith increases the circulation and therefore the lift. Approximately 50% of the final increase in lift can be obtained within U ∞ t/c. In general, the time-averaged lift increases with increasing momentum coefficient, c µ , and locations of 
